tant systems by using aqueous mixtures of a cationic compound either an alkylamine or a quaternary ammoniumtype cationic surfactant with an alkyl dicarboxylic acid. The physicochemical properties of the aqueous mixtures of alkylamine with alkyl monocarboxylic acid have been studied from the standpoint of their phase behaviors 8 10 .
The key conclusion in these studies is that a proton transfer from the acid to the amine results in the aqueous surfactant properties, i.e., we can see various surfactant-like phases such as hexagonal, cubic, and lamellar phases in their ternary phase diagrams with water. These phase behaviors are largely dependent not only on the chain length of the acid and the amine but also on the balance of the chain lengths 8 10 . A number of studies have focused on the aqueous properties of cationic-anionic mixed surfactants 11 . Such mixtures are sometimes called catanionic surfactants .
The use of alkyl dicarboxylic acid instead of alkyl monocarboxylic acid may provide an opportunity to develop gemini-like surfactants in aqueous media as a result of mixing with a cationic species. A similar concept has been reported previously 12 14 . For example, it has been suggested that an alkylamine compound with sugar moieties forms a stoichiometric complex with alkyl dicarboxylic acid when mixed at a molar ratio of 2:1 in aqueous solutions 12 .
The aqueous solution mixtures of an alkyl monocarboxylic acid and a bola-type alkyldiamine have also been studied, where the amine compound bridges two acid molecules, like a spacer of gemini surfactants 13 . These studies are quite interesting but a physicochemical understanding of such aqueous mixtures is still not enough, particularly in the region of low concentrations. We believe that the dilute aqueous solution properties are important for characterizing the stoichiometric complex systems as gemini surfactants.
In this study, we have characterized the aqueous mixtures of cationic species with alkyl dicarboxylic acid. The aim of this study is to demonstrate whether the mixtures behave as gemini-like amphiphiles in their dilute aqueous solutions. The cationic compounds employed in this study were N-methyl-N-2,3-dioxypropyl hexadecylamine C16amine and N,N-dimethyl-N-2,3-dioxypropyl -hexadecylammonium chloride C16Q . The chemical structures are shown in Fig. 1 . We expect that the glycerin unit covalently bound to the amine or quaternary ammonium headgroup results in increased water solubility compared with glycerin-unmodified compounds, such as N,N-dimethylhexadecylamine or hexadecyltrimethylammonium chloride and hence allows highly hydrophilic stoichiometric complex systems to form, which do not precipitate even at an equivalent molar mixing with alkyl dicarboxylic acid. This expectation is supported by the experimental results in which the glycerin-modifi ed cationic surfactant C16Q narrows the precipitation region in its three-phase diagram with an anionic surfactant and water and the catanionic surfactants form vesicular assemblies which are well-dispersed in aqueous media 15 . The alkyl dicarboxylic acid compounds reported herein were bola-type, as shown in Fig. 1 , and the number of methylene units was fi xed at ten as a typical example. Hereafter we call the alkyl dicarboxylic acid compounds C12H and C12Na .
EXPERIMENTAL PROCEDURES 2.1 Materials
C12H was purchased from Wako. C12Na was obtained through the ion exchange of the C12H sample. For the synthesis of C16amine, we used the following chemicals: 3-methylamino-1,2-propanediol Wako , 1-bromohexadecane Tokyo Chemical Industry, TCI , sodium hydroxide Wako , and methanol Wako . These chemicals were of analytical grade and used without further purifi cation. The cationic surfactant C16Q was synthesized according to the procedure mentioned in our previous paper 15 . The water used in this study was deionized with a Barnstead NANO Pure Diamond UV system and fi ltered with a Millipore membrane fi lter 0.22 m pore size .
Synthesis and molecular characterization of
C16amine C16amine was synthesized according to the reaction scheme shown in Fig. 1 . 3-methylamino-1,2-propanediol 10.5 g, 0.1 mol was mixed with 1-bromohexadecane 10.1 g, 0.033 mol in methanol, and then the mixture was reacted for 24 h at 80 under magnetic stirring. After evaporation of the reaction solvent, sodium hydroxide 4 g, 0.1 mol was added to the residue in the presence of water. The aqueous mixture was refl uxed for 12 h at ca. 90 , and then cooled to room temperature. Hot-filtration was performed five times to rinse the crude product, then the product was dried under a reduced pressure. The yield was 89 . The fi nal product was characterized with analytical techniques which included 1 
Physicochemical analysis
Static surface tension measurements were performed by using a Krüss K100C Wilhelmy auto surface tensiometer with a platinum plate. Continuous measurements were carried out until a change in the surface tension was reduced to less than 0.01 mN m 1 per 90 s. Unless otherwise stated, all measurements reported herein were performed at 25 or at a room temperature of ca. 25 .
RESULTS AND DISCUSSION
Three aqueous mixtures were examined in this study: System I C16amine C12H, System II C16Q C12Na, and System III C16Q C12H. The solution pH was set at 12 for System III by using an aqueous solution of 100 mmol dm 3 NaOH. No additional electrolytes were added to the three systems. Under these experimental conditions, neither precipitation nor phase separation was seen for Systems II and III, at least up to the total concentration of the two components of 100 mmol dm 3 0 ≤ Xc ≤ 1, where Xc is the mole fraction of C12H or C12Na . Figure 2 shows the visual appearance of the C16amine and C12H mixtures in aqueous solutions System I . The total concentration of the two components was fi xed at 10 mmol dm 3 and the mole fraction of the components was varied. The solubility of C16amine in water is less than 10 mmol dm 3 at 25 and hence a cloudy solution with some suspended aggregates was obtained for the single C16amine system Xc 0 . An increased mole fraction of C12H resulted in the disappearance of the suspended aggregates but the sample solution prepared at Xc 0.1 was still cloudy. Interestingly, the sample solutions became transparent in the range of 0.2 ≤ Xc ≤ 0.33, without any precipitants. In particular, the sample solution prepared at Xc 0.33 exhibited the most signifi cant foaming capability among the sample solutions obtained in System I. This indicates that Xc 0.33 is a key mole fraction for studying the aqueous C16amine and C12H mixtures. It is obvious that this mole fraction corresponds to the optimum charge neutralization point if the stoichiometric complex formation occurs between the two components. The poor solubility of C12H in water resulted in precipitation in the range of 0.5 ≤ Xc ≤ 1.
In order to confi rm the complex formation between the cationic species and the alkyl dicarboxylic acid compounds, nano-ESI-MS and 1 H-NMR spectroscopy measurements were performed at a fi xed Xc 0.33. Similar ESI-MS analyses have been reported by Blanzat et al., where the stoichiometric complex formation was suggested to have occurred for the mixture of alkylamine and alkyl dicarboxylic acid compounds 12 . Nano-ESI-MS spectra are shown in Fig.  3 for the C16amine C12H mixture System I and the C16Q C12Na mixture System II . The m/z values calculated for the stoichiometric complex H are 889.89 and 917.92. In this fi gure, it is possible to see the corresponding peaks at 889.90 m/z for System I and at 917.76 m/z for System II, which are quite consistent with the calculated m/z values. This is good evidence that gemini-like stoichiometric complex molecules are present in the bulk solution, as expected. We note that it was not possible to perform nano-ESI-MS spectroscopy measurements for System III because of its high electrolyte concentration and its highly alkaline nature.
Further evidence regarding the formation of the geminilike complex was suggested on the basis of 1 H-NMR data. These 1 H-NMR measurements were performed in D 2 O in the presence of sodium 3-trimethylsilyl -1-propanesulfonate as an NMR standard reagent. In the case of System III, NaOD was used for the pH adjustment. The poor solubility of C16amine Xc 0 and C12H Xc 1 in water caused diffi culties in measuring their 1 H-NMR spectra System I , so only Systems II and III were examined here. In these systems, we could measure their 1 H-NMR spectra at Xc 0 and 1 and hence see any shifts of characteristic signals when C16Q was mixed with C12Na or C12H Xc 0.33 . The chemical shifts of the characteristic signals are summarized in Table 1 for Systems II and III. For both systems the mixing resulted in changes in the chemical shift: one can see the decreased chemical shift i.e., upfi eld shift of the characteristic signals assigned as A and B protons originated from C12Na or C12H and the slightly increased chemical shift i.e., downfield shift of the characteristic signals assigned as d, e, and f protons originated from C16Q . This suggests a change in the electrostatic field around the C16Q and C12H or C12Na molecules to occur as a result of their mixing, which supports our hypothesis that the stoichiometric complex is present in the aqueous solutions. Figure 4 shows the static surface tension data obtained for the three systems as a function of the total concentration of the cationic and anionic species at a fi xed Xc 0.33. Also shown here are the surface tension data of aqueous C16Q solutions measured in pure water and at pH 12. For
Fig. 2 Visual appearance of aqueous mixtures of
C16amine and C12H (System I). The total concentration of the two components is fi xed at 10 mmol dm 3 and the mole fraction of C12H is varied from 0 to 1. C16amine and C12H were added to the pure water in the sample vials, and then the samples were mixed under ultrasonic irradiation for 2 h and finally equilibrated in a water-shaker bath for 12 h. These pictures were taken after gentle hand-shaking.
all the mixtures in regions of low concentrations, the surface tension decreases sharply with increasing concentration and attains a break point. Then the surface tension becomes constant even when the total concentration is increased further at the constant Xc. This is a general trend we can see in aqueous surfactants systems and the concentration corresponding to the break point is assumed to be the cmc of each mixture. Physicochemical parameters estimated on the basis of the static surface tension data are listed in Table 2 : cmc, surface tension measured at each cmc cmc , surface excess concentration estimated at the cmc cmc , occupied area per stoichiometric complex molecule adsorbed at the air/aqueous solution interface A cmc , and pC 20 logC 20 , where the C 20 value is defi ned to be the concentration where a decrease in the surface tension of 20 mN m 1 from pure water is recorded, and therefore, this value is indicative of an efficiency in lowering the surface tension 16 . Here the cmc and A cmc values are calculated according to the following equations 16 :
where i is the number of adsorption species, T is the absolute temperature, N A is the Avogadro constant, and R is the gas constant. It is not easy to fi nd accurate i values for catanionic mixtures especially for Systems I and II , so the cmc and A cmc values for these systems are not shown in Table 2 . We also note here that adjusting the pH to 12 requires the addition of a small volume of NaOH aqueous solution into the system, and this necessarily causes an increased background electrolyte concentration. At this pH the background electrolyte concentration is estimated to be much higher than the resultant cmc s , and therefore, Fig. 3 Nano-ESI-MS spectra of aqueous mixtures of (a) C16amine + C12H (System I) and (b) C16Q + C12Na (System II).
we assume i 1 when calculating the cmc and A cmc values whereas, the single C16Q system gives i 2 because of its 1:1-type ionic surfactant nature 16 . Clearly, the gemini-like stoichiometric complex formation results in a lower cmc and a lower cmc when compared with the monomeric surfactant C16Q examined under corresponding experimental conditions. In addition, the A cmc values estimated for the stoichiometric complex System III are less than the 2 A cmc values estimated for C16Q at pH 12, suggesting the closer packing of the complex molecules per a hydrophobic tail chain adsorbed at the air/aqueous solution interface . These results confi rm the excellent surface activity of the gemini-like stoichiometric complex . Two reasons must be considered for this surface activity: one is the It was found that a decreased pH from 12 results in an increased surface tension: at a given total concentration of 1 mmol dm 3 C16Q C12H, at Xc 0.33 in the presence of 100 mmol dm 3 NaCl as a background electrolyte, the surface tension is measured as 33-34 mN m 1 at pH 10-12, and as 43-44 mN m 1 at pH 6-8, respectively. It is possible to assume, therefore, that the stoichiometric complex formation in System III preferentially occurs under the alkaline condition, although the exact equilibrium constant between the stoichiometric complex and the free monomers is not known. We also performed surface tension measurements in System II as a function of Xc. The resultant surface tension data gave pC 20 values of 4.6-4.7 in the range of 0.1 ≤ Xc ≤ 0.67. These pC 20 values are larger than those calculated for the single C16Q system see Table 2 . This indicates that the mixing of the two components C16Q C12Na in the range of 0.1 ≤ Xc ≤ 0.67, even not at Xc 0.33, results in the complex formation that induces the surface tension lowering. No significant difference in the surface tension lowing capability pC 20 was observed, at least in the range of 0.1 ≤ Xc ≤ 0.67. gemini effect i.e., the surface activity is generally greater for gemini surfactants than for corresponding monomeric surfactants and the other is the charge neutralization in our current case.
CONCLUSIONS
The properties of the aqueous mixtures of a cationic compound either alkylamine-type C16amine or quaternary ammonium-type C16Q with an alkyl dicarboxylic acid compound either C12H or C12Na have been studied. The alkyl dicarboxylic acid molecules added to the systems play the role of a spacer connecting two cationic molecules. This yields a gemini-like stoichiometric complex in aqueous solutions, which is supported by nano-ESI-MS and 1 H-NMR spectroscopies. The static surface tensiometry has demonstrated the greater surface activity of the gemini-like stoichiometric complex when compared with the monomeric surfactant C16Q . In particular, it is interesting to note that the two intrinsically surface inactive components C16amine and C12H behave as gemini-like amphiphiles as a result of their mixing in aqueous solutions. The mixing of the cationic species with the alkyl dicarboxylic acid compounds is, therefore, a possible way of preparing new gemini surfactant systems. This is a fruitful fi nding in the fi eld of surfactant chemistry, because the synthesis and purifi cation of gemini surfactants having a covalently bound spacer is generally a hard work. 
